We examine the locally supersymmetric geometrical hierarchy model at energies below the unification mass, MGU. The superfield content, for which the theory has acceptable values of MGu and sin20w, is discussed. We show that radiative corrections induce the spontaneous breakdown of SU(2) × U(1) to U(1)EM for a top quark mass of 100-200 GeV. In theories with two color triplet Higgs superfields a lower bound of O(101 s -1016 GeV) on the supersymmetry breaking parameter, #, is derived.
In a recent paper [1 ] we extended the geometrical hierarchy model [2] to include N = 1 supergravity (SUGRY). Our main results were the following.
(A) The value of the potential energy at its absolute minimum (the cosmological constant) can be fine tuned to vanish.
(B) In this case SU(5) is spontaneously broken, at tree level, to SU(3) X SU(2) X U (1) . This breaking is a purely supergravitational effect, the scale of which is of 0(3/) where M = Mplanck/N/~ ~--2.4 × 1018 GeV.
(C) SUGRY does not effect supersymmetry (SUSY) breaking. SUSY is spontaneously broken at a scale of O(/a2), where/l is the dimension 1 parameter in the O'Raifeartaigh sector of the theory.
(D) We derived the tree level, low energy potential. It divides naturally into two pieces. The first is globally supersymmetric and is independent of supergravitational effects. The second piece explicitly breaks SUSY and is induced by SUGRY. The entire low energy lagrangian is renormalizable.
(E) The parameters of the tree level, low energy potential are such that its absolute minimum occurs at the zero of field space. Furthermore, all scalar 1 Work support in part by the Department of Energy under Contract Grant Number DE-AC02-81ER40033.B000.
masses are of O(#(g/M)).
We conclude from (E) that, at tree level, SU(2) × U(1) is unbroken. How, then, is the electroweak group to be broken to U(1)EM? The answer lies in radiative corrections to the potential. These corrections introduce a renormalization point that must be chosen nearM for perturbation theory to be valid. It follows that the tree level, low energy potential is only meaningful for field amplitudes of O(M). To examine the potential energy for small field amplitudes it must be "improved" using the renormalization group (RG) . In this paper we carry out the RG improvement of the low energy potential to the oneloop level. We find that * 1 (a) Higgs fields can have negative (mass) 2 near the origin of field space and, hence, develop vacuum expectation values (VEV's) that break SU(2) × U(1) -~ U(1)EM-(b) Squarks and sleptons, on the other hand, always have non-negative (mass) 2 near the origin of ,1 The breaking of SU(2) X U(1) --, U(1)EM, through radiative corrections induced by the top quark, has been discussed by the authors ofreL [3] . Our results differ from theks mainly due to the large threshold effects inherent in the Geometrical Hierarchy Model 0.031-9163/83/0000-0000]$ 03.00 © 1983 North-HoUandfield space and, hence, have vanishing VEV's. Thus charge, baryon, and lepton numbers remain unbroken.
(c) The size of the electroweak symmetry breaking is set by/a(/a/M) and the top quark Yukawa coupling (evaluated near 102 GeV). Hence, given the electroweak scale, one can calculate the top quark mass. We do this for a wide choice of threshold parameters.
A prerequisite to carrying out these calculations is to evaluate the grand unification mass,MGu, and sin20 w to the one-loop level. In this paper we evaluate these quantities for a wide choice of threshold parameters. We find that (d) The values Of MGu and sin20w are, in general, too large. This problem is easily overcome by adding families of Higgs superfields that transform as 10 and 10 under SU (5) . These superfields restoreMGu and sin20 w to acceptable values.
Finally, we discuss the possibility of reducing, from four to two, the number of Higgs superfields transforming as 5 or 5 under SU (5) . To have only two such superfields we find that (e) scale/1 must be of O(1015 _ 1016 GeV), or larger, to sufficiently suppress the amplitude for nucleon decay to kaons + leptons. All calculations will be performed for both two and four Higgs superfields.
The gauge group of our model is G = SU (5 (5) . The extra superfields H 1 , H 1 are introduced to eliminate certain dimension 5 operators which cause the proton to decay too rapidly [2] .
(3) 5j, 10d, 5-j and 10d are 5-'s and 10's respectively under SU(5). We assume there are three leptoquark families (J ---1,3).
The superpotential of our model is then given by W =/3/a2M + XlX(tr A 2 -/a 2) + X2tr ZA 2 + X3H(A + ml)H 1 + ~.4HI(A + ml)H + XUjHIOIIOj
Parameters X/, hu, hD, and/~ are dimensionless and/a, m, and M have dimension 1. The potential energy, V, can be calculated from W [4] . To O(p 3 (p/M)), V has its absolute minimum at
The VEV's of H, H, 5, and 10 fields are undetermined at this order. Note that (Z) breaks SU(5) -+ SU(3) × SU(2) X U(1) withMGu = ~l()tl + 30~t2)-l/2(X/~-1)M. It follows that, for any choice of 2,, and ~t2, MGU ~< [(X/-3-1)/X/~-0]M" 3.2 X 101~ GeV. This vacuum state has vanishing cosmological constant as long as we take
The VEV's of Kahier derivatives D~iW = OW/O¢ i + (~b!/M 2) W, evaluated to O(p 2) at (2), are
All other (D~i I40 vanish to this order. Therefore, SUSY is spontaneously broken by this vacuum state at a scale of O(/a2). Define low energy superpotentials g'(Ya' (A)) = e(2-x/3)(~3 fl((A) + ml)H 1
and
T(Z 3, Zs) = [m3/2/(x/T-1)] (9tr Z3 2 -~-tr Zs2), (6)
where Z 3 and Z 8 are the SU(2) triplet and SU(3) octet components of Z respectively, and m3/2 is the gravitino mass given by
Then the tree level, low energy potential is found to be
where V(L1E)(Va) = 1O'ff/0ya 12 + (m3/2A~ + h.c.)
and 5 3 A = 3 -V~,
D 2 is the sum of the squares of SU (3), SU (2), and y ,Z ,ct U(1) D terms. Since the D term associated with U (1) arises from the spontaneous breakdown of SU (5), it contains no dimensional parameter. Parameter m in (5) is chosen so that the masses of the SU (3) 3 (3-) components of H, HI(H, H 1) are of O(/a). Since IAI < 3 and IA'I < 3 the absolute minimum of potential (8) occurs at the origin of field space [5] . The masses of all SU (2) doublet Higgs fields, squarks, sleptons, Z 3 , and Z 8 are of O(m3/2). We will assume that the top quark mass is ~102 GeV. Parameters X 3 , X 4, and m are chosen so that the SU (2) doublet higgsinos have mass between 0 and 102 GeV. We use the "minimal" version of SUGRY in which all gaugino masses vanish at tree level. Gauginos are expected to receive masses of O(o~m3/2) from radiative corrections. We will assume these masses are ~102 GeV. It follows that there are four mass thresholds in our model. (1) 102 GeV. Particles with masses of~102 GeV are quarks, leptons, SU(2) doublet higgsinos, gauge fields and gauginos. The values ofa 3 and OtEM at 102 GeV are chosen to be 10 and r~7 respectively. The values Of MGu and sin20w (evaluated at 102 GeV) can be determined from the equations [6] 
where Q = 102 GeV. The coefficients b i (threshold dependent) are defined by
where aa, ot,, and oq are the running coupling parameters for SU(3), SU (2), and U (1) Finally, for several choices of/a and m3/2, the value of a 3 at MGU is so large that perturbation theory cannot be trusted. We conclude that the theory described by superpotential (1) does not properly account forMGu and sin20 w. Fortunately, there is a simple solution to this problem [7] . It is clear from eqs. (12) and (13) that bothMGu and sin20 w will decrease if one can increase coefficient b I without changing b 2 and b 3 . Any superfield which transforms as a 10 under SU(5) has the SU(3) X SU(2) X U(1) decomposition 
If one can give the (5, 1, -2/3) and (3, 2, 1/6) components mass of O(M), and the (1,1,1) component a mass of O(#), then the addition of such a superfield to the theory will appropriately change the b i coefficients. Henceforth we add n families of 10,-I'0 representations to the theory. For each 10 we must introduce a 10 to make the theory anomaly free. We denote these new superfields as l~0i , 1~ i where i = 1, n. To superpotential (1) we add the interaction
where ~i are dimensionless and r~ has dimension 1. We chose parameter r~ in such a way that the SU (3) and SU (2) Table 2 • 2 MGU, sm Ow, and ~a(Mj3u) as functions of #, ma/2, NH, and the number of 1~, 10 families, n. and n, the value ofa 3 atMGu is sufficiently small that one can trust perturbation theory. We concluse that the modified theory described by superpotential (1), along with interaction (16), properly accounts forMGu and sin20w . A graph of the running gauge coupling parameters for a theory with four Higgs doublets, # = 1011 GeV, m3/2 = 103 GeV, and n = 4 is shown in fig. 1 . Note the large changes in the/~-functions at each mass threshold. It is these changes that tend to make MGuand % large and necessitate the introduction of the 10i, 10i families. We now consider the question of electroweak symmetry breaking. One can ignore Z3, Z 8 and the SU (3) 3 (3) components of H, HI(H, HI) in the low energy lagrangian. The reasons are that (1) the associated superfields do not couple directly to the SU (2) doublet Higgs super fields, (2) Z3an_d Z 8 have vanishing hypercharge, and (3) H, H 1 , H, H 1 have identical tree level mass. Also, it is easy to show that these fields cannot get non-vanishing VEV's from radiative corrections. Hence, they do not contribute to electroweak symmetry breakin~to the one-loop level. We absorb the factor e (2-v ~ ) into the definition of all parameters k, and define
for i = 3, 4. Then the most general, low energy lagrangian derivable from the geometric hierarchy model is "/~LE = fd20(th3HH1 + rh4H1H + XEjEIFILj 
where A is given in (11). We first consider the case where rh 3 = rh 4 = 0. The Yukawa coupling parameters of the first two lepto-quark families are sufficiently small that they cannot induce electroweak symmetry breaking. We henceforth consider the third lepto-quark generation only. The potential energy associated with (18) MGU and that t --> ~ as EVa I approaches the origin of field space. The boundary conditions for rh H , rh o , mQ, ~u, and ~u at t = 0 are given in (19). The solution to eq. (25) is
:~mH(t ) + ~m3/2 , 
.ence.4 (,)= = 4 (') = = = ~2L(t) = m~l 2 > 0. Therefore ~ao Higgs field, other than H, has 'a non-vanishing VEV. Furthermore, all slepton VEV's vanish and lepton number and char~ge remain unbroken. It follows that rh2H , and only rh~t, can be non-negative. From eqs. (22), (27), (28), and (31) we see that the size of the electroweak symmetry breaking, o, is determined by ma/, and the top quark Yukawa coupling, ~u, evalua~l at 102 GeV.
Therefore, given o and m 3/2, one can evaluate the top quark mass using the equation
VEV o is related to m z by eq. (23). Henceforth, take m z = 93.8 GeV [6] . Using eqs. (12), (14) and (23) Table 3 VEV o, ~U(102 GeV), and NH, and n.
theory with four I-Iiggs doublets this can only occur beyond the one-loop level in perturbation theory, or if we consider "non-minimal" versions of SUGRY. These possibilities will be explored elsewhere. Confider a theory with two Higgs doublets (rff 3,rh 4 are replaced by rh, and C 3 , C 4 are replaced by C, in (18)). Assume rh :/= 0. Then, from the potential energy associated with (18), we find that (H) =(~), ~=-m3/2orh(~/(rh2-lrh21) . The RG equations associated with rh and C are
where the boundary condition for C at t = 0 is given in (19). The solutions to eqs. (35) and (36) are 0
g and 0 velop a non-vanishing VEV that is sufficiently large to give perturbative masses to all "down" quarks and leptons. Finally, we want to consider the implications on proton decay of reducing the number of 5 and 5 Higgs superfields from four to two. In theories with four Higgs superfields the decay of nucleons into bosons and leptons is naturally suppressed [2] . In theories with two Higgs superfields this is no longer the case. The main graph contributing to the dominant decay modes, p(n) ~ K+(K0)-~ , is shown in fig. /z 3. The decay amplitude associated with this graph is 
The tree level expression for mff (in terms of/~) can be derived from (1) and (2) . We conclude that,in order for our theory to ttave only two 57 5-Higgs doublets and still be consistent with the lower bound on the nucleon lifetime, it is necessary for I~ > (1/6.83;k3) (M/MGu) (2 X 1015 GeV) For typical parameters (50) implies that/1 > O(1015 1016 GeV').
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